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Foreword 

The Common Market for Eastern and Southern Africa (COMESA) was established in 1994 as a 
regional economic grouping consisting of 20 member states after signing the co-operation Treaty. 
In Chapter 15 of the COMESA Treaty, Member States agreed to co-operate on matters of 
standardisation and Quality assurance with the aim of facilitating the faster movement of goods 
and services within the region so as to enhance expansion of intra-COMESA trade and industrial 
expansion. 

Co-operation in standardisation is expected to result into having uniformly harmonised standards. 
Harmonisation of standards within the region is expected to reduce Technical Barriers to Trade 
that are normally encountered when goods and services are exchanged between COMESA 
Member States due to differences in technical requirements. Harmonized COMESA Standards 
are also expected to result into benefits such as greater industrial productivity and 
competitiveness, increased agricultural production and food security, a more rational exploitation 
of natural resources among others. 

COMESA Standards are developed by the COMESA experts on standards representing the 
National Standards Bodies and other stakeholders within the region in accordance with 
international procedures and practices. Standards are approved by circulating Final Draft 
Harmonized Standards (FDHS) to all member states for a one Month vote. The assumption is 
that all contentious issues would have been resolved during the previous stages or that an 
international or regional standard being adopted has been subjected through a development 
process consistent with accepted international practice. 

COMESA Standards are subject to review, to keep pace with technological advances. Users of 
the COMESA Harmonized Standards are therefore expected to ensure that they always have the 
latest version of the standards they are implementing. 

This COMESA standard is technically identical to lEC 60076-2:1993, Power transformers — Part 
2: Temperature rise 



A COMESA Harmonized Standard does not purport to include all necessary provisions of a contract. 
Users are responsible for its correct application. 
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Reference number 
lEC 60076-2:1993(E) 



Publication numbering 

As from 1 January 1997 all lEC publications are issued with a designation in the 
60000 series. For example, lEC 34-1 is now referred to as lEC 60034-1. 

Consolidated editions 

The lEC is now publishing consolidated versions of its publications. For example, 
edition numbers 1.0, 1.1 and 1.2 refer, respectively, to the base publication, the 
base publication incorporating amendment 1 and the base publication incorporating 
amendments 1 and 2. 

Further information on lEC publications 

The technical content of lEC publications is kept under constant review by the lEC, 
thus ensuring that the content reflects current technology. Information relating to 
this publication, including its validity, is available in the lEC Catalogue of 
publications (see below) in addition to new editions, amendments and corrigenda. 
Information on the subjects under consideration and work in progress undertaken 
by the technical committee which has prepared this publication, as well as the list 
of publications issued, is also available from the following: 

• lEC Web Site ( www.iec.ch) 

• Catalogue of lEC publications 

The on-line catalogue on the lEC web site ( www.iec.ch/searchpub) enables you to 
search by a variety of criteria including text searches, technical committees 
and date of publication. On-line information is also available on recently issued 
publications, withdrawn and replaced publications, as well as corrigenda. 

• lEC Just Published 

This summary of recently issued publications ( www.iec.ch/online news/ justpub) 
is also available by email. Please contact the Customer Service Centre (see 
below) for further information. 

• Customer Service Centre 

If you have any questions regarding this publication or need further assistance, 
please contact the Customer Service Centre: 

Email: custserv(5)iec.ch 
Tel: +4122 919 02 11 
Fax: +41 22 919 03 00 
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CORRIGENDUM 1 



Page 10 

Article 4.1: 

Dans le cinquieme alinea, commengant par 
« La temperature du fluide... », a /a troisieme 
ligne, au lieu de 



...voir 2.1 de la CEI 76-1... 



lire 



...voir 1.2 de la CEI 76-1... 



Page 11 

Clause 4.1: 

In the third paragraph, beginning with 
'Ihe cooling medium temperature..." 
third line, instead of 

...see 2.1 oflEC76-1... 

read 

...see 1.2 of lEC 76-1... 



Page 14 

Article 4.3.1: 

Dans la deuxieme ligne, au lieu de 
...en 2.1 de la CEI 76-1... 

lire 

...en 1.2 de la CEI 76-1... 



Page 15 

Article 4.3.1: 

In the second line, instead of 
...in 2.1 oflEC76-1... 

read 
...in 1.2 of lEC 76-1... 



Juin 1997 



June 1997 
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INTERNATIONAL ELECTROTECHNICAL COMMISSION 



POWER TRANSFORMERS 
Part 2: Temperature rise 

FOREWORD 

1) The lEC (International Electrotechnical Commission) is a worldwide organization for standardization 
comprising aft national electrotechnical committees (lEC National Committees). The object of the lEC Is to 
promote international cooperation on all questions concerning standardization In the electrical and 
electronic fields. To this end and in addition to other activities, the lEC publishes International Standards. 
Their preparation Is entrusted to technical committees; any lEC National Committee interested in 
the subject dealt with may participate in this preparatory work. International, governmental and 
non-governmental organizations liaising with the lEC also participate in this preparation. The (EC 
collaborates closely with the International Organization for Standardization (ISO) in accordance with 
conditions determined by agreement between the two organizations. 

2) The forma! decisions or agreements of the lEC on technical matters, prepared by technical committees on 
which all the National Committees having a special interest therein are represented, express, as nearly as 
possible, an international consensus of opinion on the subjects dealt with. 

3) They have the form of recommendations for international use published in the form of standards, technical 
reports or guides and they are accepted by the National Committees In that sense. 

4) In order to promote International unification, lEC National Committees undertake to apply lEC International 
Standards transparently to the maximum extent possible In their national and regional standards. Any 
divergence between the I EC Standard and the corresponding national or regional standard shall be clearly 
indicated in the latter. 

This part of International Standard lEC 76 has been prepared by (EC technical committee 
14: Power transformers. 

This second edition cancels and replaces the first edition published In 1976. 

The text of this standard is based on the following documents: 



Six Months* Rule 


Report on Voting 


14(CO)76 


14(CO)78 



Full information on the voting for the approval of this standard can be found in the report 
on voting indicated in the above table. 

lEC 76 consists of the following parts, under the general title: Power transformers. 

Part 1: 1993, General. 

Part 2: 1993, Temperature rise. 

Part 3: 1980, Insulation levels and dielectric tests. 

Part 5: 1976, Ability to withstand short circuit. 

Annexes A, B and C are for information only. 
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POWER TRANSFORMERS 
Part 2: Temperature rise 

1 Scope 

This part of International Standard lEC 76 identifies transformers according to their 
cooling methods, defines temperature-rise limits and details the methods of test for 
temperature-rise measurements. It applies to transformers as defined in the scope of 
IEC76-1. 

2 Normative references 

The following normative documents contain provisions which, through reference in this 
text, constitute provisions of this part of I EC 76. At the time of publication, the editions 
indicated were valid. All normative documents are subject to revision, and parties to 
agreements based on this part of I EC 76 are encouraged to investigate the possibility of 
applying the most recent edition of the normative documents indicated below. Members 
of lEC and ISO maintain registers of currently valid International Standards. 

I EC 76-1: 1993, Power transformers - Part 1: General 

I EC 85: 1984, Thermal evaluation and classification of electrical insulation 

lEC 279: 1969, Measurement of the winding resistance of an a.c. machine during 
operation at alternating voltage 

I EC 354: 1991, Loading guide for oil-immersed power transformers 

I EC 606: 1978, Application guide for power transformers 

lEC 726: 1982, Dry-type power transformers 

1 EC 905: 1987, Loading guide for dry-type power transformers 

ISO 2592: 1973, Petroleum products - Determination of flash and fire points - Cleveland 
open-cup method 

3 Identification symbols according to cooling method 

Transformers shall be identified according to the cooling method employed. For oil-immersed 
transformers this identification is expressed by a four-letter code as described below. 
Corresponding codes for dry-type transformers are given in lEC 726. 
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First letter: Internal cooling medium in contact witli the windings: 

O mineral oil or synthetic insulating liquid with fire point* < 300 ''C; 

K Insulating liquid with fire point* > 300 ^'C; 

L insulating liquid with no measurable fire point. 

Second letter: Circulation mechanism for internal cooling medium: 

N nafura/ thermosiphon flow through cooling equipment and in windings; 

F forced circulation through cooling equipment, thermosiphon flow in windings; 

D forced circulation through cooling equipment, directed from the cooling 
equipment into at least the main windings. 

Third letter: External cooling medium: 

A air; 

W water. 

Fourth /etter; Circulation mechanism for external cooling medium: 

N natural convection; 

F forced circulation (fans, pumps). 

NOTE - In a transformer designated as having forced directed oil circulation (second code letter D), the 
rate of oil flow through the main windings is determined by the pumps and is not, in principle, determined 
by the loading. A minor fraction of the flow of oil through the cooling equipment may be directed as a 
controlled bypass to provide cooling for core and other parts outside the main windings. Regulating 
windings and/or other windings having relatively low power may also have non-directed circulation of 
bypass oil. 

In a transformer with forced, non-directed cooling, on the other hand (second code letter F), the rates of 
flow of oil through all the windings are variable with the loading, and not directly related to the pumped flow 
through the cooling equipment. 

A transformer may be specified with alternative cooling methods. The specification and the 
nameplate shall then carry information about the power figures at which the transformer 
fulfils the temperature-rise limitations when these alternatives apply, see 7.1 m) of lEC 
76-1. The power figure for the alternative with the highest cooling capacity is the rated 
power of the transformer (or of an individual winding of a multi-winding transformer, 
see 4.1 of I EC 76-1). The alternatives are conventionally listed in rising order of cooling 
capacity. 



"Cleveland open -cup" test method, see ISO 2592. 
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Examples: 

ONAN/ONAF. The transformer has a set of fans which may be put in service as desired 
at high loading. The oil circulation is by thermosiphon effect only - In both cases. 

ONAN/OFAF. The transformer has cooling equipment with pumps and fans but is also 
specified with a reduced power-carrying capacity under natural cooling (for example, in 
case of failure of auxiliary power). 

4 Temperature-rise limits 

4.1 General 

Temperature-rise limitations for transformers are specified according to different options. 

- A set of requirements apply which refer to continuous rated power. These 
requirements are given in 4.2. 

- When explicitly specified, an additional set of requirements is imposed which is 
related to a specified loading cycle. This procedure is described in 4.4. It is applicable 
mainly to large system transformers for which emergency loading conditions deserve 
particular attention, and should not be regularly used for small and medium-size 
standardized transformers. 



It is assumed throughout this part of I EC 76 that the service temperatures of different 
parts of a transformer can each be described as the sum of a cooling medium temperature 
(ambient air or cooling water) and a temperature rise of the transformer part. 



The cooling medium temperature and the altitude (with regard to cooling air density) are 
characteristic of the installation site. When normal service conditions in these respects 
prevail, see 2.1 of I EC 76-1, then normal values of temperature rise for the transformer 
will result in allowable service temperatures. 



The values of temperature rise are characteristics of the transformer which are subject to 
guarantees and to tests under specified conditions. Normal temperature-rise limits apply 
unless the enquiry and contract indicate 'unusual service conditions'. In such cases the 
limits of temperature rise shall be modified as indicated in 4,3. 



No plus tolerance is permitted on temperature-rise limits. 

4.2 Normal temperature-rise limits at continuous rated power 

When a transformer has a tapped winding with a tapping range exceeding ±5 % then the 
temperature-rise limits shall apply to every tapping at the appropriate tapping power, 
tapping voltage and tapping current, see 5.6 of lEC 76-1. The load losses are different for 
different tappings and sometimes also the no-load losses, namely within tapping ranges 
where variable flux voltage variation is specified. 
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If a temperature-rise type test is to be made on such a transformer it will, unless otherwise 
specified, be carried out on the 'maximum current tapping', see 5.3 of lEC 76-1. 

NOTE - In a separate-winding transformer, the maximum current tapping is normally the tapping with the 
highest load loss. 

In an auto-transformer with tappings, the choice of tapping for the temperature-rise test will be dependent 
on how the tappings are arranged. 

For a multi-winding transformer, the temperature-rise requirements refer to rated power in 
all windings simultaneously if the rated power of one winding is equal to the sum of the 
rated powers of the other windings. If this is not the case, one or more particular loading 
combinations have to be selected and specified for the temperature-rise test, see 5.2.3. 



In transformers with concentric winding arrangement, two or more separate windings may 
be situated one above the other. In this case, the winding temperature limit shall apply to 
the average of the readings for the stacked windings, if they are of equal size and rating. If 
they are not, the evaluation shall be subject to agreement. 



The temperature-rise limits given below are valid for transformers with solid insulation 
designated as 'Class A' according to lEC 85, and immersed in mineral oil or synthetic 
liquid with fire point not above 300 °C (first code letter: O). 



Temperature-rise limits of transformers which have a more temperature-resistant 
insulation system and/or are immersed in a less flammable liquid (code letter K or L) are 
subject to agreement. 

Temperature-rise limits for dry-type transformers with different insulation systems are 
given in lEC 726. 

The following limits for temperature rise in oil-immersed transformers (code letter O) are 
referred to steady state under continuous rated power. They are valid only when normal 
service conditions with regard to cooling apply, see 4.3.1 below. 

- Top oil temperature rise, see 5.3.1 60 K 
Average winding temperature rise (by resistance measurement, see 5.4) 

- For transformers identified as ON . . or OF . . 65 K 

- For transformers identified as OD . . 70 K 

No numerical limits are specified for the temperature rise of the core, of electrical 
connections outside the windings or of structural parts in the tank. It is a self-evident 
requirement, however, that such parts shall not reach temperatures which will cause 
damage to adjacent parts or undue ageing of the oil. For large transformers this may be 
investigated by special testing, see annex B. 
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4.3 Modified requirements because of unusual service conditions 

If the service conditions at the intended installation site do not fall within the limits of 
'normal service conditions', then the limits of temperature rise for the transformer shall be 
modified accordingly. 

Rules for dry-type transformers are given in 2.2 of lEC 726. 

4.3.1 Oil-immersed, air-cooled transformers 

Normal ambient temperature limits (-25 ""C and +40 X) for power transformers are given 
in 2.1 of lEC 76-1. With regard to cooling of air-cooled transformers the temperature 
conditions at the intended Installation site should neither exceed: 

+ 30 °C monthly average, of the hottest month; nor 
+ 20 °C yearly average. 

If the temperature conditions at site exceed one of these limits, the specified 
temperature-rise limits for the transformer shall all be reduced by the same amount as the 
excess. The figures shall be rounded to nearest whole numbers of degrees. 

NOTE - The average temperatures are to be derived from meteorological data as follows (!EC 76-1, 
definition 3.12). 

Mon thiy a verage tempera ture : 

half the sum of the average of the daily maxima and the average of the daily minima during a particular 
month, over many years; 

Yearly average temperature: 

one-twelfth of the sum of the monthly average temperatures. 

If the installation site is more than 1 000 m above sea-level but the factory is not, then the 
allowable temperature rise during the test in the factory shall be reduced as follows. 



For a naturally cooled transformer (. . AN), the limit of average winding temperature rise 
shall be reduced by 1 K for every interval of 400 m by which the installation's altitude 
exceeds 1 000 m. 

For a forced-cooled transformer (. . AF), the reduction shall be 1 K for every 250 m. 



A corresponding reverse correction may be applied in cases where altitude of the factory 
is above 1 000 m and the altitude of the installation site is below 1 000 m. 

Any altitude correction shall be rounded to the nearest whole number of degree. 

When the specified temperature-rise limits of a transformer have been reduced, either 
because of high cooling medium temperature or because of high-altitude installation, this 
shall be indicated on the rating plate, see 7.2 of I EC 76-1. 

NOTE - When standardized transformers are to be applied at high altitudes, a reduced figure of power 
may be calculated, which from the point of view of cooling and temperature rise corresponds to service with 
rated power under normal ambient conditions. 
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4.3.2 Oil-immersed, water-cooled transformers 

Normal cooling water temperature is, according to 2.1 of lEC 76-1 not above +25 °C. If the 
cooling water temperature exceeds this limit, the specified temperature-rise limits for the 
transformer shall alt be reduced by the same amount as the excess. The figures shall be 
rounded to the nearest whole number of degrees. 

The influence of differing ambient temperature or altitude on the air cooling of the tank is 
disregarded. 

4.4 Temperature rise during a specified load cycle 

If guarantees and/or a special test regarding a load cycle are to be specified, this shall 
involve the following parameters: 

- the initial temperature condition of the transformer, either at ambient temperature or 
with steady-state temperature rises corresponding to a specified fraction of rated 
current ('preload'); 

- the (constant) magnitude of the test current, expressed as a multiple of rated 
current, and its duration; 

- the maximum permissible temperature-rise values for top oil and winding average 
(by resistance) at the termination of the test. This statement is optional. The test may 
be executed for information only, without any limits being agreed on beforehand; 

- any special observations or measurements to be performed, for example direct 
hot-spot temperature measurements, thermal imaging of tank-wall heating, and 
possible limitations in relation to them. 

For further recommendations and discussion regarding load cycle studies - particularly 
measurements and evaluation, see clause B.4 of annex B. 

5 Test of temperature rise 

5.1 General 

This clause describes the procedures for determination of temperatures and 
temperature-rise values during factory testing and also the methods for substituting 
service loading by equivalent test procedures. 

The clause gives requirements for the testing of both oil-immersed and dry-type 
transformers, as applicable. 

During the temperature-rise test, the transformer shall be equipped with its protective 
devices (for example, Buchholz relay on an oil-Immersed transformer). Any indication 
during the test shall be noted. 
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5.1.1 Cooling-air temperature 

Precautions should be taken to minimize variations of cooling-air temperature, particularly 
during the later part of a test period when a steady state Is approached. Rapid variation of 
readings due to turbulence should be prevented by appropriate means such as heat sinks 
of suitable time constant for the temperature sensors. At least three sensors shall be 
used. The average of their readings shall be used for the evaluation of the test. Readings 
should be taken at regular intervals, or automatic continuous recording may be used. 



The sensors shall be distributed around the tank, 1 m to 2 m away from tank or cooling 
surfaces, and protected from direct heat radiation. Around a self-cooled transformer, the 
sensors shall be placed at a level about halfway up the cooling surfaces. 



A forced-air-cooled transformer shall have the sensors placed so as to record the true 
temperature of the air taken into the coolers. Attention shall be paid to possible 
recirculation of hot air. The test object should be placed so as to minimize obstructions to 
the air flow and to provide stable ambient conditions. 



5.1.2 Cooling-water temperature 

Precautions should be taken to minimize variation of cooling-water temperature during the 
test period. The temperature is measured at the intake of the cooler. Readings of 
temperature and rate of water flow should be taken at regular intervals, or automatic 
continuous recording may be used. 

5.2 Test methods for temperature-rise determination 

5.2.1 General 

For practical reasons, the standard method for determination of the steady-state 
temperature rise of oil-immersed transformers on the test floor is the equivalent test in 
short-circuit connection according to 5.2.2 below. 

Alternatively it may be agreed, in special cases, to perform a test with approximately rated 
voltage and current by connection to a suitable load. This is mainly applicable to 
transformers with low rated power. 



A "back-to-back" method may also be agreed. In this method, two transformers, one of 
which is the transformer under test, are connected in parallel and excited at the rated 
voltage of the transformer under test. By means of different voltage ratios or an injected 
voltage, rated current is made to flow in the transformer under test. 



Procedures applicable to dry-type transformers are described in lEC 726. 
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5.2.2 Test to steady state by short-circuit method 

During this test the transformer is not subjected to rated voltage and rated current 
simultaneously, but to the calculated total losses, previously obtained by two separate 
determinations of losses, namely load loss at reference temperature, and no-load loss, 
see 10.4 and 10.5 of lEC 76-1. 

The purpose of the test is twofold: 

- to establish the top oil temperature rise in steady-state condition with dissipation of 
total losses; 

- to establish the average winding temperature rise at rated current and with the top 
oil temperature rise as determined above. 

This is achieved In two steps: 

a) Total loss injection 

First the top oil and average oil temperature rises are established when the transformer 
is subjected to a test voltage such that the measured active power is equal to the total 
losses of the transformer, see 3.6, 10.4 and 10.5 of lEC 76-1. The test current will be 
above rated current to the extent necessary for producing an additional amount of loss 
equal to the no-load loss, and the winding temperature rise will be correspondingly 
elevated. 

The oil temperature and cooling medium temperature are monitored, and the test is 
continued until a steady-state oil temperature rise is established. 

The test may be terminated when the rate of change of top oil temperature rise has fallen 
below 1 K per hour and has remained there for a period of 3 h. If discrete readings have 
been taken at regular intervals, the mean value of the readings during the last hour is 
taken as the result of the test. If continuous automatic recording is applied, the average 
value during the last hour is taken. 

NOTE - If the time constant of the oil temperature rise is no more than 3 h the truncation error of this 
procedure will be negligible. Alternative truncation rules are discussed in annex C. 

b) Rated current injection 

When the top oil temperature rise has been established, the test shall immediately 
continue with the test current reduced to rated current for the winding combination 
connected (for a multi-winding transformer see 5.2.3). This condition is maintained for 
1 h, with continuous observation of oil and cooling medium temperatures. 

At the end of the hour, the resistances of the windings are measured, either after a 
rapid disconnection of the supply and short circuits (see 5,5 and clauses C.2 and C.3 of 
annex C) or, without switching off the supply, by means of the superposition method 
which consists of injecting into the winding a d.c. measuring current of low value 
superimposed on the load current. 

NOTE 1 - The use of a superimposed d.c. current for the measurement of winding resistances Is described 
in I EC 279. 

The values of average temperature of the two windings are determined from the 
resistances, according to 5.4. 
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During the hour with rated current the oil temperature fails. The measured values of 
winding temperature shall therefore be raised by the same amount as the average oil 
temperature rise has fallen from the correct value, obtained according to procedure a) 
above. The corrected winding temperature value minus the cooling medium temperature at 
the end of the total losses injection period is the winding average temperature rise. 

NOTE 2 - With regard to calculation of temperatures under variable loading, it is convenient to regard the 
winding temperature rise as the sum of two terms: the average oil temperature rise (above cooling medium 
temperature) plus the difference between average winding and average oil temperatures (see 5.6 and 
clauses B.2 and B.3 of annex B). 

By agreement, the two steps of the test may be combined in one single application of 
power at a level between load loss and total loss. The temperature-rise figures for the top 
oil and for the windings shall then be determined using the correction rules of 5.6. The 
power injected during the test shall however be at least 80 % of the total losses figure. 



5.2.3 Test modification for particular transformers 
Two-winding transformer with tapping range larger than ±5 % 

Unless otherwise specified, the temperature-rise test is conducted with the transformer 
connected on the 'maximum current tapping' {see 5.3 of lEC 76-1) and the tapping current 
for that tapping is used during the later part of the test (see 5.2.2 b)). 

The total losses to be injected during the first part of the test (see 5.2.2 a)), shall be equal 
to the highest value of total loss appearing at any tapping (corresponding to Its tapping 
quantities). This tapping is also often, but not always, the maximum current tapping. This 
part of the test determines the maximum top oil temperature rise. For the determination of 
winding temperature rise at the maximum current tapping, the figure of oil temperature rise 
to be used in the evaluation shall correspond to the total losses of that tapping. The value 
from the first part of the test will be recalculated if obtained with other data. 



Multi-winding transformer 

For the first part of the test a total loss shall be developed which corresponds to rated 
power (or tapping power) in all windings, if the rated power of one winding is equal to the 
sum of the rated powers of the other windings. 



If this does not apply, there are specified loading cases with different combinations of 
individual winding loads. That case which will be associated with the highest total loss 
shall determine the test power for the determination of oil temperature rise. 



The temperature rise figure for an individual winding above oil shall be obtained with rated 
current in the winding. 
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In the determination of winding temperature rise above ambient, the oil temperature rise 
for the relevant loading case will be recalculated from the total loss injection test, 
according to 5.6, and likewise the winding temperature rise above oil for each winding, as 
applicable. 

Guidance for the recalculation of losses in multi-winding transformers is given in lEC 606. 

The injection of total loss for determination of oil temperature rise may be made: 

- either in a manner as near as possible to the actual loading case, by injecting the 
current corresponding to the total losses in one winding, the other ones being 
simultaneously short-circuited or connected to an impedance; 

- or in an approximate manner by not short-circuiting or closing certain windings; for 
example if one of the windings has a relatively low rated power and low contribution to 
the total loss of the transformer, it may be acceptable to leave it open and raise the 
current in the other windings concerned until the correct total loss is obtained. 

If none of the methods above can be applied in full, because of limitations of test facilities, 
it may be agreed to perform the test with reduced loss, down to 80 % of the correct value. 
Then the measured temperature value shall be corrected according to 5.6. 



The details of the temperature-rise test for a multi-winding transformer should, as a rule, 
be presented and agreed already at the tender stage. 



5.3 Determination of oil temperatures 

5.3.1 Top oil 

The top oil temperature is determined by one or more sensors immersed in the oil in the 
top of the tank, in pockets in the cover, or in headers leading from the tank to separate 
radiators or coolers. The use of several sensors is particularly Important on large 
transformers, and their readings shall be averaged in order to arrive at a representative 
temperature value. 

NOTE - The temperature of the oil may be different at different places in the top of the tank, depending on 
the design. Measurements using a pocket in the cover may be disturbed by eddy current heating of the 
cover. In transformers with forced circulation of oil to the cooling equipment there is a mixture of oil from 
the windings with bypass oil in the tank, which may not be uniform between different parts of the tank or 
between different cooling-circuit headers. Concerning the significance of top oil temperature in 
transformers with forced circulation, see further in annex A. 



5.3.2 Bottom oil and average oil 

'Bottom oil* is the term which actually means the (temperature of) oil entering the windings 
at the bottom. For practical reasons it is identified with the temperature of the oil returning 
from the cooling equipment to the tank. 'Average oil' is a concept used for correction of 
certain temperature-rise test results, see 5.2.2 and 5.6. It is also used in the mathematical 
model for prediction of temperatures in service under specific load, constant or variable, 
see annex B. 
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The bottom oil temperature is determined by sensors fitted in tiie return lieaders from 
coolers or radiators. If several batteries of cooling equipment are fitted, more than one 
sensor should be used. 

NOTE - The flow of oil in return headers may be turbulent, if forced by a pump, or mainly laminar, if there 
is natural circulation through the radiators. This is of importance for a representative determination of the 
oil temperature in the header. 

The average oil temperature shall, in principle, be the average temperature of the cooling 
oil in the windings. For the purpose of test evaluation, it is conventionally taken as the 
average between the top oil temperature and the bottom oil temperature, determined as 
described above. 

NOTES 

1 For OMAN transformers up to 2 600 kVA, with plain or corrugated tanks or individual cooting tubes 
mounted directly on the tank, the average oil temperature rise above ambient air temperature may be taken 
as 80 % of the top oil temperature rise. 

2 For purposes other than test evaluation, the average oil temperature may be determined differently, 
see annex A. 

5.4 Determination of average winding temperature 

The average winding temperature is determined via measurement of winding resistance. 
In a three-phase transformer the measurement should preferably be associated with the 
middle limb. The ratio between the resistance value R^ at temperature Og (degrees C), 
and R^ at e^ is taken as: 

Copper : 



/?3 


235 + 02 




Rj 


225 + e. 


Aluminium : 


d 


^1 


235 + e^ 




"l 


225 + e^ 



A reference measurement [R^, 6^) of all winding resistances is made with the transformer 
at ambient temperature, in a steady-state condition, see 10.2.3 of lEC 76-1. When the 
resistance R^ at a different temperature is measured, this yields the temperature value: 

Copper : Q^ = -^ (235 + 0^) - 235 

^^ 

Aluminium : e = _2_ ^225 + 0.) - 225 



The external cooling medium temperature at the time of shutdown is 8 



a* 



The winding temperature rise is then, finally: 

When the winding resistance is measured after disconnection of the power supply and the 
short-circuit connection, the resistance value flg' immediately before shutdown, shall be 
determined in accordance with 5.5. 
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5.5 Determination of winding temperature before shutdown 

The temperature-rise test (see 5.2.2), requires ttiat the average winding temperature 
immediately before shutdown shall be determined. The standard method is as follows: 

Immediately after disconnection of the test power supply and removal of the 
short-circuiting connection, a d.c. measuring circuit is connected across the phase 
windings to be measured. The windings have a large electrical time constant, L/R. 
Accurate readings are therefore obtained only after a certain delay. The resistance of the 
winding varies with time as the winding cools down. It shall be measured for a sufficient 
time to permit extrapolation back to the instant of shutdown. 



Recommendations for the detailed execution of the measurement, and alternative methods 
which may be used to advantage in particular cases are given in annex C. 



In order to obtain as correct a result as possible, the cooling conditions should be 
disturbed as little as possible while resistance measurements are conducted. This 
problem, in relation to forced-cooled oil-immersed transformers, is discussed further in 
annex A. 

5.6 Corrections 

If the specified values of power or current have not been obtained during the test, the 
result shall be corrected according to the following relations. They are valid within a range 
of ±20 % from target value of power and ±10 % from target value of current. By agreement 
they may be applied over a wider range, see clause B.2 of annex B. 



The oil temperature rise aboye ambient during the test is multiplied by: 

|. total losses .x 
test losses 

x = 0,8 for distribution transformers (natural cooling, maximum rated power 2 500 kVA). 

X = 0,9 for larger transformers with ON . . cooling. 
X = 1,0 for transformers with OF . . or OD . . cooling. 

The average winding temperature rise above average oil temperature during the test is 
multiplied by: 

|. rated current ,y 
test current 

y = 1,6 for ON . . and OF . . cooled transformers, 
y = 2,0 for OD . . cooled transformers. 
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Annex A 

(informative) 



Note on oil temperature in transformers 
with forced oii circulation 



In an ON . . transformer, the steady-state volume rate of flow of oil through the windings is 
in principle equal to the rate of flow through the radiators. In general, the same holds for a 
genuine OD . . transformer where only a moderate leakage or controlled bleed passes from 
the coolers out into the free tank volume. Conditions are different, on the other hand, in an 
OF . . transformer with non-directed flow through the windings. 



In an OF . . transformer, the full pump capacity has to be sufficient to satisfy the maximum 
flow rate through the windings even under some limited overloading. Under rated load and 
part load there Is therefore a considerable surplus rate of flow through the coolers which is 
shunted outside the windings, in the tank. The shunted oil slowly rises, with unchanged 
temperature, up to the level where the hot oil from the top of the windings is ejected. 



This hot stream of oil mixes in a turbulent way with the cooler, shunted oil in the tank. The 
volume from the winding outlet level to the top of the tank Is filled with a mix having a 
relatively homogeneous temperature, lower than the temperature of the oil leaving the top 
of the winding. 

Conventional measurement of the top oil temperature will show this mixed oil temperature. 
If the measurement is used for determination of average oil temperature in the winding, 
and of the temperature difference between winding and oil, the results are unrealistic and 
can be misleading if used for hot-spot temperature calculation and loadability studies. 



An alternative method for the determination of oil temperature in the winding is sometimes 
referred to as 'extrapolated mean oil'. According to this method the monitoring of average 
winding temperature by resistance measurement after shutdown of the temperature rise 
test is continued for some additional time. The rate of change of the resistance decays In 
the course of 5 min to 20 min. As there is no further loss dissipation in the winding. Its 
temperature will approach the temperature of the surrounding oil. It has then been tacitly 
assumed that the average oil temperature can be regarded as unchanged (or falling only 
slowly in step with the temperature of the whole volume of oil in the transformer). This 
assumption is unfounded. For some designs the method gives quite unrealistic results. 



There Is, as a matter of fact, no universal and reliable method to determine 'surrounding 
oil temperature' in an OF . . transformer based only on measurements external to the wind- 
ing. 
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In 5.5, it is pointed out tliat the cooling conditions siiould be disturbed as little as possible 
while winding temperature measurements are carried out after shutdown. Before shutdown 
the free volume of oil around the windings has 'bottom oil temperature*. The winding takes 
its oil at this temperature. The coolers receive oil from a volume of mixed oif in the top of 
the tank, above the winding oil exit. 



After disconnection of the test power, the circulation of oil may continue In different ways: 

- If the pump circulation and fan ventilation are continued, the coolers continue to 
draw mixed oil and deliver oil with bottom oil temperature to the tank. Successively, the 
mixed oil temperature starts to go down, and the bottom oil temperature follows in step. 

- if the pump circulation is continued but the fans are stopped, the coolers will deliver 
oil with almost top oil temperature to the bottom of the tank from where it will rise and 
mix with the free oil around the windings. 

- If both pumps and fans are stopped, the winding continues to supply hot oil to the 
top of the tank. The demarcation level between top oil and bottom oil starts to sink 
below the level of the oil exit from the winding. This successively changes the thermal 
head of the oil in the tank outside the winding and influences the updrift of oil inside the 
winding. 

In general it is preferred to keep both pumps and fans operating, but the differences in test 
results between the different possibilities are, indeed, not important when compared with 
the large uncertainty of the oil temperature distribution in the winding as described above. 
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Annex B 

(informative) 

Transient loading - Mathematical model and testing 



B.I General 

The result from a temperature-rise test to steady state, according to 5.2, may be used for 
an estimate of steady-state temperature rise at a different loading, and also for an 
estimate of transient temperature rise (if the thermal time-constants of the transformer are 
known). 

For small and medium-size transformers such estimates are performed according to a 
conventional mathematical model which is described in clauses B.2 and B.3 below. 



The validity of this model for any particular large transformer is, however, not so certain as 
for transformers of lower rated power. When loadability analysis is to be performed, for 
example, concerning emergency loading above rated power, it is advisable to obtain 
relevant data for the actual transformer. One way is to conduct special testing with 
transient load in excess of rated power. Recommendations for a suitable test procedure 
and for the associated measurements and observations are presented in clause B.4. 



B.2 Mathematical model for temperature distribution in a winding off 
an oil-immersed transformer - The hot-spot concept 

Cooling oil enters the bottom of the winding and is at 'bottom oil temperature*. It passes 
upwards through the winding and its temperature is assumed to rise linearly with the 
height. The winding losses are transferred from the winding to the oil ail along the winding. 
This heat transfer requires a temperature drop between winding and surrounding oil which 
is assumed to be the same at all levels of height. In the graphic presentation, figure 8.1, 
the winding temperature and the oil temperature will therefore appear as two parallel lines. 
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Figure B.1 - Temperature distribution model 

The maximum temperature occurring in any part of the winding insulation system is called 
the 'hot-spot temperature'. This parameter is assumed to represent the thermal limitation 
of loading of the transformer. As a general rule other parts of the transformer, for example, 
bushings, current transformers or tapchangers, should be selected so as not to represent 
any narrower restriction of the loadability of the transformer, see 4.2 of I EC 76-1. 



Towards the upper end of the winding there is usually a concentration of eddy current 
losses and the winding may be provided with extra electrical insulation which increases 
the thermal insulation. The actual local temperature difference between conductor and oil 
is therefore assumed to be higher by the 'hot-spot factor'. This factor is assumed to be 
from 1,1 in distribution transformers to 1,3 in medium size power transformers. In large 
transformers there is considerable variation depending on design, and the manufacturer 
should be consulted for information, unless actual measurements are carried out, for 
example according to section B.4 below. 



The steady-state temperature difference between winding and oil, average along the 
winding, is taken as the difference between [resistance-measured winding average 
temperature] and [average oil temperature], see 5.4 and 5.3, respectively. 



The steady-state hot-spot temperature rise above external cooling medium temperature 
(air or water) is the sum of [top oil temperature rise above cooling medium temperature] 
and [hot-spot factor] x [average temperature difference winding-to-oil]. 
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In transformers with forced non-directed oil flow (code OF . .) the concepts of top oil 
temperature and average oil temperature are ambiguous as long as they are based only 
on measurements according to 5.3 and 5.4 (see annex A). 

Measured values of steady-state temperature rises at a specific loading are used to 
calculate corresponding rises at a different loading by means of the exponents given 
in 5.6. These are typical values, subject to variation depending on the design, and valid 
with some accuracy only within limited ranges of loading variation. Subclause 5.6 imposes 
rather narrow limits for the purpose of evaluation of test results subject to guarantees. For 
estimates with moderate requirements of accuracy, the exponents may give useful results 
over wider ranges. 



B.3 Variable loading or cooling. Thermal time-constants 

When the loading varies, or when the intensity of a forced cooling is changed, the 
temperatures of winding and oil will follow with some delay. This is conventionally 
described by two time-constants. One of these reflects the calorimetric heat capacity of 
the complete transformer (where the heat capacity of the mass of oil plays a dominant 
part). This is generally of the order of 1 h to 5 h; shorter for large, compact, forced-cooled 
transformers, and longer for naturally cooled transformers. The other time-constant is 
shorter, of the order of 5 min to 20 min, and reflects how the temperature difference 
between winding and oil responds to changes of dissipated loss. 



Under variable conditions the winding temperature rise above the cooling air or water 
temperature is expressed as the sum of an oil temperature rise, subject to the long 
time-constant, and a winding-above-oil temperature rise, subject to the short time- 
constant. Mathematical expressions for the transient temperature variation with time are 
presented in lEC 354. 



Mathematical models for dry-type transformers are presented in lEC 905. 



B.4 Recommendations for temperature-rise test with transient load 

As outlined in 4.4 of this part it may be agreed to perform temperature-rise testing with 
loading above rated current for a limited time duration. Such a test may, for example, be 
intended to simulate a peak load period during a day of emergency service. 



A recommended test loading consists of a constant current, suitably expressed in per unit 
of rated current, and with a specified duration, after which the test current is switched off. 
The test is run in short-circuit connection in the same way as the test to steady state at 
rated loading. (The specified load current value may be selected to include an allowance 
for no-load loss.) 
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Calculations regarding actual load cycles may be performed for example according to the 
guidance given in lEC 354, to verify the approximate equivalence of the simplified test 
load cycle in terms of maximum temperatures. It shall be specified whether the test shall 
start with the whole transformer at test-floor ambient temperature, or In a temperature 
condition corresponding to steady state at a specified 'pre-load' current, again suitably 
expressed as a fraction of rated current. 



Temperature sensors should be fitted to at least the same extent as that required for a 
temperature-rise test to steady state. The temperatures of oil and windings (average, by 
resistance), at the time of shutdown, are determined by standard methods. 



Additional temperature sensors inside the transformer tank may be used as agreed. If 
sensors are installed inside the winding system in an effort to record winding hot-spot 
temperature, it Is advisable to utilize several sensors at the same time. This is because 
the precise location of the hottest spot is not generally known beforehand. Local 
temperatures may vary from point to point, and also with time, depending on random 
variation of oil flow. It Is also to be recognized that actual measured, local temperatures in 
a large transformer may deviate considerably from estimates according to the 
conventional mathematical models described in section B.2 and in lEC 354. Unless earlier 
experience from measurements on similar designs is available, the studies are to be 
regarded as exploratory investigations. Great caution is recommended regarding the 
possible specification of temperature limits beforehand. 



Monitoring of local temperatures of the tank and of electrical terminations by means of 
infrared camera technique may be carried out in order to reduce the risk of damage during 
the test. Monitoring of temperature of structural metal parts inside by means of temporarily 
installed sensors may serve the same purpose. Gas-in-oil analysis before and after the 
test is a diagnostic method for hidden overheating (see clause C.4). 
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Annex C 

(informative) 

Techniques used in temperature-rise testing 
of oil-immersed transformers 

C.I Truncation of a test to steady state 

List of symbols 

e Temperature in X 

6(0 Oil temperature, varying with time (this may be top oil, or average oil) 

Og^ External cooling medium temperature (ambient air or water) assumed to 

be constant 

AG Oil temperature rise above 0^ 

0^, A0y Ultimate values in steady state 

e(0 Remaining deviation from steady-state value 0^^ 

T^ Time constant for exponential variation of bulk oil temperature rise 

h Time interval between readings 

0^, 02, 03 Three successive temperature readings with time interval h between them. 

In principle, the test should continue until the steady-state temperature rise (of the oil) is 
ascertained. The ambient air temperature, or cooling water temperature, should be kept as 
constant as possible. It is assumed that the oil temperature 0(0 will approach an ultimate 
value 0^j along an exponential function with a time constant T^. The ambient temperature 
is 0^. The ultimate oil temperature rise is A0^. 

^u-^a + ^^u (1) 

0(O = 0a + A0^(1 -e-*^"^o) (2) 

The remaining deviation from steady state is then: 

e(O = 0^-0(/) = A0^xe-*''^o (3) 

Values of e at equal intervals of time will form a geometric series. This permits a graphical 
extrapolation procedure according to figure C.1. 
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Figure C.1 - Graphical extrapolation to ultimate temperature rise 
For any two consecutive points on the curve, with a separation in time of h hours: 
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h/T 



A(A0)t ^ e^_f^ - e^ = e^ {e <> -^) 
A(A0)^ 



£♦ = 



'~ (e^^^o_i) 



(4) 
(4a) 



At any later time {t+ t^)\ 



-t /L 



A(A9)^ 



e*A(e^^/T,_^^ 



(5) 



The conventional criterion for truncation is to observe when the rate of change of 
temperature has fallen below 1 K per hour, for example: 



h = 1 and A(Ae)j < 1 Equation (4a) gives: 



e,<(e''To_i)-i 
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The test should then continue for 3 h and may then be interrupted. The average 
temperature rise during the last hour Is taken as the result of the test. With T^^ = 3 h this 
theoretically leads to a truncation error of about 1 K. If the time constant Is shorter the 
error is smaller and vice versa. 

The time constant T^ may be estimated in different ways. 

The following formula is based on information available on the transformer rating plate: 



^ 5 X [total mass! + 15 x [mass of oil] AO 

T^= ^/^ . , / ~ X i—^) hours (6) 

[total loss] 60 

where 

masses are in tonnes and loss is in kilowatts; 

ASy is the estimated ultimate top oil temperature rise. 

The mass of the oil in the conservator should be subtracted from the total mass of oil - it 
does not take part in the changes of temperature. 

An experimental estimation of the time constant in the course of the test may be made 
from successive temperature readings at equal time intervals h. 

Given three successive readings AG^, AOg and AG3, if the exponential relation, equation 
(2), is a good approximation of the temperature curve, then the increments will have the 
following relation: 

AGg - AG^ h/T 
£ 1_ = e o 



AG3 - AGg 



^0= AG, -AG, (^> 

In ^ ^— 

AG3 - AG, 

The readings also permit a prediction of the final temperature rise: 

(AG,)^ - AG. AG3 

AG^, (8) 

2AG2 - AG, - AG3 

Successive estimates are to be made and they should converge. In order to avoid large 
random numerical errors the time interval h should be approximately T^ and AG3/AG^^ 
should be not less than 0,95. 

A more accurate value of steady-rate temperature rise is obtained by a least square 
method of extrapolation of all measured points above approximately 60 % of AG^ (AG^^ 
estimated by the three point method). 
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A different numerical formulation is: 



Ae^j « ABj + 



\l (Aeg-A9^) (ASg -A9g) 



In 



AOg - AO^ 



A03 - AOg (9) 

C.2 Procedure for winding resistance measurement after shutdown 

Subclause 5.5 of this part of lEC 76 indicates that the temperature of the winding at the 
end of the test to steady state will normally be determined by measurement of the winding 
resistance. The measurement is commenced after shutdown of the test power and 
reconnection of the windings from the a.c. test power source to the d.c. measuring current 
source. 

The winding temperature and its resistance vary with time; and the problem is to 
extrapolate backwards in time to the instant of shutdown. This extrapolation procedure is 
discussed in clause C.3. 

Resistance measurement is commenced as soon as possible after the connection of the 
windings to the measuring equipment. In the beginning the readings are false because of 
the inductive voltage drop in the winding, before the d.c. measuring current is stabilized. 
The necessary time for this stabilization is reduced by: 

- driving the core into saturation so that the effective inductance drops down from a 
high 'no-load' value to a value of the same order of magnitude as the short-circuit 
inductance; 

- using a constant-current supply - an electronically stabilized supply source or a 
powerful battery with a large additional series resistor. 

Driving the core into saturation means building up a certain amount of flux (dimension; 
Volt X seconds). The use of high e.m.f in the circuit therefore reduces the delay - in 
practice to the order of a few seconds. 

The two windings of the tested pair may either be connected to two separate d.c. circuits 
or connected in series to one in common. In both cases, the current directions are to 
co-operate for the saturation of the core. 

The electrical time-constant of the d.c. circuit, after saturation is reached, may also be 
brought down to the order of a few seconds, even in difficult cases, A temperature 
difference of 1 K corresponds to a relative difference of resistance in the order of 1/300, 
which, for an exponential decay of the error, would correspond to a delay of five to six 
times the electrical time constant. This all means that useful measurements should be 
obtainable within not more than 1 min after effective saturation has been established. 



There are also other methods in use for special cases. One is to pick up the inductive 
component of voltage across a different winding which is open, and not part of the d.c. 
current circuit, and use this voltage for correction of the voltage across the winding 
subjected to resistance measurement. 



76-2 ©lEC: 1993 -51 - 

When two well-balanced, parallel halves of a winding are available, it is possible to 
circulate a d.c. current into one and back through the other. This permits monitoring of the 
resistance, in principle without inductive effects, and possibly even while a.c. power is 
supplied to the transformer. 



C.3 Extrapolation of winding temperature to the instant of sliutdown 

Clause C.2 of this annex discusses the d.c. supply circuit for resistance measurement and 
the delay before the inductive effects have died away. 



The instrumentation used for the measurement may be for manual reading or for 
automatic recording, analogue or digital. A considerable number of discrete readings are 
obtained over a period of, say 20 min, and these have to be evaluated for the 
extrapolation backwards in time to the instant of shutdown. 



A plot of the readings would look as figure C-2 shows. It indicates that the temperature of 
the winding varies relatively rapidly for a period of a few minutes and then flattens out. 



In a transformer with large thermal time-constant for oil-temperature variation (this applies 
mainly to ON . . transformers of relatively low rated power) it may be assumed that the 
asymptote is a constant value. 



in other cases (particularly when large transformers with forced cooling are tested, and the 
cooling equipment is left operating after test power shutdown - see annex A), it may be 
necessary to recognize a falling asymptote, on which the more rapid initial variation is 
superimposed. Figure C.2 illustrates this. 
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a) The initial part of the record, with the rapid temperature decay. 

b) c) d) Alternative mathematical models for the following, slow decay. 

Figure C.2 - Evaluation of winding resistance variation after shutdown 

The evaluation will suitably be performed using a numerical computer procedure, which 
fits an analytical function to the set of readings. The discussion below only illustrates 
general principles. 

The variation of the resistance R with time t is interpreted as a combination of a fixed or 
slowly varying term A and another term showing an exponential decay from a value B with 
a time-constant T: 

R{r) = A{t)^Bxe-'^'^ (10) 

For the first term, a constant, a linear decay, or an exponential decay may be used: 



A^A^ 



A = A(1- kt) 



A^A^x e~^o 



(11) 



The measurements are conducted for a length of time such that the second term has 
practically died away. Parameter A^, or A^ and k, or A^ and T^ can then be estimated well 
enough from the latter part of the record. 
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After this has been done, the rapid exponential variation is isolated by putting: 

mf) = m-A{f) = Bxe-'^^ (12) 

To the set of values {FT., t^, the parameters B and Tare determined by some numerical 
regression procedure. 

The result of the estimate is then: 

R{0) = A^ + B (13) 

from which the average temperature of the winding is calculated according to 5.4 of this 
part of I EC 76. 

A conventional graphical extrapolation procedure for the same purpose uses a manually 
smoothed plot. Intercepts are made at equal intervals of time, starting from the instant of 
shutdown. The resistance differences should form a geometric series, if the decay curve Is 
exponential. A sloping line in the graph is fitted, as shown in figure C.3. This line tends to 
the intersection corresponding to parameter A^ (figure C.3) and, at the other end, permits 
a graphical estimate of R^ as well. 




Tim© 
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Figure C.3 - Graphical extrapolation to resistance value at shutdown 
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C.4 Gas-ln-oil analysis 



A chromatographic analysis of dissolved gases In the oil may be used to advantage in 
order to detect possible local overheating which will not show up as abnormal temperature 
rise figures during the test. 

Such analysis is in general capable of indicating 'mild overheating' of windings or 
structural parts, say, 170 "^C to 200 X, or serious local overheating, say 300 "^C to 400 **C, 
for example, an unintentional contact carrying circulating eddy current. 



Gas-in-oil analysis is particularly recommended for large transformers, as stray flux effects 
are a potential risk factor increasing with size. 



The test technique is described further in CIGRE Working Group Report, Electra N*" 82, 
May 1982, pages 33 to 40. 
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